Nanoparticles consisting of single molecules of DNA condensed with polyethylene glycol-substituted lysine 30-mers efficiently transfect lung epithelium following intrapulmonary administration. Nanoparticles formulated with lysine polymers having different counterions at the time of DNA mixing have distinct geometric shapes: trifluoroacetate or acetate counterions produce ellipsoids or rods, respectively. Based on intracytoplasmic microinjection studies, nanoparticle ellipsoids having a minimum diameter less than the 25 nm nuclear membrane pore efficiently transfect nondividing cells. This 25 nm size restriction corresponds to a 5.8 kbp plasmid when compacted into spheroids, whereas the 8-11 nm diameter of rod-like particles is smaller than the nuclear pore diameter. In mice, up to 50% of lung cells are transfected after dosing with a rod-like compacted 6.9 kbp lacZ expression plasmid, and correction of the CFTR chloride channel was observed in humans following intranasal administration of a rod-like compacted 8.3 kbp plasmid. To further investigate the potential size and shape limitations of DNA nanoparticles for in vivo lung delivery, reporter gene activity of ellipsoidal and rod-like compacted luciferase plasmids ranging in size between 5.3 and 20.2 kbp was investigated. Equivalent molar reporter gene activities were observed for each formulation, indicating that microinjection size limitations do not apply to the in vivo gene transfer setting. Gene Therapy (2006) The structural features of gene transfer complexes can be optimized to facilitate efficient gene transfer in vivo. We have developed nanoparticles consisting of single molecules of plasmid DNA condensed with polyethylene glycol (PEG)-substituted lysine peptides.
Nanoparticles consisting of single molecules of DNA condensed with polyethylene glycol-substituted lysine 30-mers efficiently transfect lung epithelium following intrapulmonary administration. Nanoparticles formulated with lysine polymers having different counterions at the time of DNA mixing have distinct geometric shapes: trifluoroacetate or acetate counterions produce ellipsoids or rods, respectively. Based on intracytoplasmic microinjection studies, nanoparticle ellipsoids having a minimum diameter less than the 25 nm nuclear membrane pore efficiently transfect nondividing cells. This 25 nm size restriction corresponds to a 5.8 kbp plasmid when compacted into spheroids, whereas the 8-11 nm diameter of rod-like particles is smaller than the nuclear pore diameter. In mice, up to 50% of lung cells are transfected after dosing with a rod-like compacted 6.9 kbp lacZ expression plasmid, and correction of the CFTR chloride channel was observed in humans following intranasal administration of a rod-like compacted 8 The structural features of gene transfer complexes can be optimized to facilitate efficient gene transfer in vivo. We have developed nanoparticles consisting of single molecules of plasmid DNA condensed with polyethylene glycol (PEG)-substituted lysine peptides. 1 The volume, shape and size dimensions of these DNA nanoparticles depend on several parameters, including plasmid size and the lysine counterion present at the time of DNA mixing. 2 For example, lysine polymers containing trifluoroacetate and acetate counterions result in the formation of ellipsoidal and rod-like nanoparticles, with the volume of these complexes closely predicted by the partial specific volumes of the constituent components. 1, 2 For ellipsoidal nanoparticles, microinjection studies indicated a size limitation for nuclear access and transgene expression, with nanoparticles having a minor diameter approaching 25 nm having decreased efficiency. This 25 nm size restriction corresponds to a 5.8 kbp plasmid when compacted into spheroids. In contrast, the diameter of rod-like nanoparticles ranges between 8 and 11 nm for a series of plasmid sizes, whereas the length of the rod is linearly proportional to the plasmid molecular weight. Because the nuclear membrane pore diameter is approximately 25 nm, these data suggested a size dimension that may limit nuclear transit in these microinjection studies. For intrapulmonary delivery of DNA nanoparticles in mice, efficient gene transfer has been observed for larger plasmids using rod-like formulations. For example, up to 50% of lung cells are transfected after dosing mice with a rod-like compacted 6.9 kbp lacZ expression plasmid, 3 and correction of the CFTR chloride channel was observed in humans following intranasal administration of a rod-like compacted 8.3 kbp plasmid. 4 To further investigate the potential size and shape limitations of DNA nanoparticles for in vivo lung delivery, reporter gene activity of ellipsoidal and rod-like compacted luciferase plasmids ranging in size between 5 and 20 kbp was investigated.
A matched set of 5.3, 9.7 and 20.2 kbp luciferase expression plasmids transcriptionally controlled by the CMV immediate-early promoter were prepared by introducing lambda bacteriophage DNA fragments into the parent 5.3 kbp plasmid. A 4.3 kbp HindIII lambda DNA fragment was inserted between the kanamycin resistance gene and the Col E1 DNA origin of the 5.3 kbp parent luciferase expression plasmid to generate a 9.7 kbp derivative. To this plasmid, a 10.5 kbp ClaI lambda DNA fragment was introduced within the initial DNA insert to generate a 20.2 kbp plasmid. To evaluate the transcriptional efficiency of these plasmids following in vitro gene transfer, HEK293 cells were transfected with equal pmol of naked luciferase plasmid and Lipofectamine. To control for transfection efficiency, a secreted alkaline phosphatase reporter plasmid (pSEAP) was included in each transfection mixture. As presented in Figure 1 , there was a minor (25%) but statistically significant decrease in reporter gene activity when comparing either the 9.7 or 20.2 kbp plasmid to the 5.3 kbp plasmid, suggesting that the lambda DNA sequences in the larger plasmids had slight enhancing activity.
To determine if the shape and size dimensions of DNA nanoparticles influence gene transfer activity in the mouse lung, each of these luciferase plasmids was compacted with a 10 kDa PEG-substituted 30-mer lysine peptide (CK 30 PEG10K) having either trifluoroacetate or acetate counterions present at the time of DNA mixing. Electron micrographs of these formulations are presented in Figure 2 . The ellipsoidal and rod-like nanoparticles demonstrate an increase in particle volumes in proportion to plasmid size. Based on image analysis of these electron micrographs, the size parameters of ellipsoidal and rod-like nanoparticles were determined (Table 1) . Both the major and minor diameters of ellipsoidal nanoparticles increase with plasmid size. For rod-like nanoparticles, the diameter is approximately 8 nm for 5.3 and 9.7 kbp plasmids, although it increases to 11 nm for the 20.2 kbp plasmid. The rod length is proportional to plasmid size. As expected, the minor diameters of the 9.7 and 20.2 kbp plasmids compacted as ellipsoids were 425 nm, raising the possibility of decreased gene transfer activity. In contrast, the consistently small diameter of the rod-like nanoparticles relative to the nuclear pore diameter might facilitate gene transfer.
To address this hypothesis, 50 mg of each of these plasmids was introduced into the airways of mice The minor and major diameters of ellipsoidal compacted DNA nanoparticles were determined using SigmaScan s image analysis of electron micrographs. Because of overlap of rod-like nanoparticle structures, even in serially diluted samples, automated SigmaScan s image analysis was not possible. Rather, electron micrographs of diluted rod-like nanoparticles were evaluated by manual analysis. The n-values shown for the rod-like nanoparticles indicate the sample number used to assess diameter and length, respectively. Owing to the non-Gaussian distribution of size parameters for either ellipsoidal or rod-like nanoparticles, the non-parametric Kruskal-Wallis and Dunn's multiple comparison tests were used to determine statistical differences. For ellipsoids, Po0.0001 (***) for all comparisons of minor or major diameters by plasmid size. For the rod-like nanoparticles, the diameter of the 20.2 kbp plasmid was slightly larger than that of the 5.3 or 9.7 kbp plasmid (Po0.001, **). Lengths of rods for all three plasmids were significantly different (Po0.01, *). These data were derived from a single compaction batch for each plasmid and type of polycation. Luciferase activities in cell lysates were measured using a kit from Promega and protein concentrations were determined using the Bradford method (BioRad). SEAP activities in tissue culture media, expressed as RLUs (relative light units) per ml, were assayed using a kit from Applied Biosystems. To account for potential well to well differences in transfection efficiency, luciferase activities were adjusted for variations in SEAP activity. Normalized luciferase activities are reported as RLUs per mg protein per relative SEAP activity. ANOVA P ¼ 0.026; **Bonferroni's multiple comparison test, Po0.01.
Compacted DNA gene transfer in the lung TL Fink et al following intranasal insufflation and whole lung luciferase activities were determined 2 days after gene transfer ( Figure 3 ). This amount of compacted DNA is in the linear dose-response range, 3 thereby facilitating direct comparisons between various formulations. When the data are expressed as luciferase activity per mg protein of lung extract per mg of DNA dosed, a trend for decreased activity was observed for both ellipsoidal and rod-like nanoparticles as the plasmid size increased. Moreover, the acetate-compacted nanoparticles demonstrated a statistically significant decrease in luciferase activity when comparing the 20.2 kbp plasmid to either the 5.3 or 9.7 kbp plasmids. In contrast, normalization of the luciferase activity per mg protein extract and pmol of DNA dosed demonstrated no difference of gene transfer activity among the different size plasmids for either type of formulation. Unlike the in vitro microinjection data, 1 there was no evidence for decreased gene transfer activity for ellipsoidal nanoparticles having a minor diameter 425 (up to a diameter of 32 nm). There was also no significant difference in gene transfer activity when comparing a given plasmid for either formulation.
The mechanism for nuclear uptake of DNA nanoparticles following cytoplasmic microinjection is transit across the nuclear membrane pore, as gene expression is completely blocked by wheat germ agglutinin, 1 a classic inhibitor of the pore complex. 5, 6 Access to the nucleus is presumably by diffusion and/or binding to specific nuclear substrates. Although free plasmid DNA greater than B2000 bp in size is essentially immobile following cytoplasmic microinjection, 7 the diffusion coefficient of compacted DNA nanoparticles may be larger, particularly in view of the non-interactive PEG shell. Moreover, the mechanism for nuclear uptake Figure 2 Transmission electron micrographs of compacted luciferase plasmids in saline. DNA nanoparticles were formulated as previously described by mixing plasmid DNA with CK 30 PEG10K, a 30-mer lysine peptide with an N-terminal cysteine that is conjugated via a maleimide linkage to 10 kDa polyethylene glycol. 1 At the time of DNA mixing, the amine counterions of CK 30 PEG10K were either trifluoroacetate (a-c) or acetate (d-f), generating ellipsoidal or rod-like nanoparticles, respectively. Compacted luciferase plasmids: 5.3 kbp (a, d), 9.7 kbp (b, e) and 20.2 kbp (c, f). Electron micrographs were prepared using carbon-coated electron microscope grids from Ted Pella and counterstained with uranyl acetate, as previously described. 1 Compacted DNA gene transfer in the lung TL Fink et al appears to be reasonably efficient, as there was no evident delay when comparing the time course of enhanced green fluorescent protein expression in nondividing cells microinjected into either the cytoplasm or nucleus. 1 Nevertheless, ellipsoidal nanoparticles having a minor diameter 425 nm had diminished transgene expression compared to smaller nanoparticles, suggesting that nuclear pore transit was the rate-limiting step for productive transfection following cytoplasmic microinjection.
In contrast to cytoplasmic microinjection, the mechanism for internalization and nuclear trafficking of PEGsubstituted DNA nanoparticles appears to be binding to cell surface nucleolin or another protein closely associated with nucleolin. 8 A significant percentage of primary differentiated human airway cells cultivated at an air-liquid interface demonstrate cell surface nucleolin expression, and only these cells are readily transfected by DNA nanoparticles, which rapidly transit to the nucleus. In contrast, cell surface nucleolin-negative airway cells are not transfected by DNA nanoparticles in culture. Of note, nucleolin traffics through the cytoplasm without fusion to lysosomes, thereby defining a non-degradative pathway for uptake to the nucleus. Although specific nanoparticle binding determinants to either nucleolin or a closely associated protein have not yet been determined, preliminary studies demonstrate that antibodies to nucleolin co-precipitate DNA nanoparticles in cell lysates of transfected airway cells (Dr PB Davis, unpublished data). In any event, it appears that the size diameter limit of DNA nanoparticles for nuclear uptake in vivo is at least 32 nm, as a 20.2 kbp plasmid compacted as an ellipsoidal nanoparticle demonstrates efficient and high-level gene expression. These data demonstrate that the DNA nanoparticle platform, whether formulated as ellipsoidal or rod-like nanoparticles, permits efficient cellular and nuclear uptake of plasmids into pulmonary epithelial cells in mice up to at least 20.2 kbp in size. , and then received 50 mg of compacted 5.3, 9.7 or 20.2 kbp luciferase plasmids, formulated using either the acetate (Ac) or trifluoroacetate (TFA) counterion, administered as a 25 ml intranasal dose (ten 2.5 ml aliquots placed on the nasal septum over B30 s). Two days after dosing, lungs were harvested and luciferase activity was determined. Data are presented as RLUs per mg protein, per either mg of DNA (a) or pmol of DNA (b). Statistical significance within either the acetate or TFA groups was assessed using ANOVA. *Po0.05, Bonferroni's multiple comparison test.
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